Inclusion and Exclusion Criteria
For inclusion, studies had to fulfil the following criteria: (a) original article, (b) prospective cohort design, (c) assessment of duration of sleep as baseline exposure, (d) death recorded prospectively as outcome, (e) follow-up of at least 3 years, (f) adult population, (g) indication of the number of subjects exposed and of the rate or number of events in different sleep duration categories. Studies were excluded if: (a) case-control design was used. If multiple published reports from the same study were available, we included only the one with the most detailed information for both exposure and outcome.
Data Extraction
Data were extracted independently by two investigators (FPC and MAM), and differences were resolved by discussion and consensus. Relevant data included the first author's surname, year of publication, country of origin of the population studied, recruitment year, number of participants, number of deaths in each group, participants' age, gender, duration of follow-up, method used to measure sleep duration, reference category of sleep, category for "short" and "long" sleep, outcome assessment, relative risks or hazard ratios of death by both short and long sleep duration, corresponding 95% CI, and covariates adjusted in the statistical analysis.
Definition of "Short" and "Long" Sleep Duration
In each study we identified the reference category, being 7 h per night in the majority of studies, 6, 7, 9, [19] [20] [21] [22] 7 to 8 h, [23] [24] [25] [26] 7 to 9 h, 27,28 6 to 8 h, 10 and 9 h. 29 Short sleep was ≤ 5 h per night, 6, 7, 20, 22 ≤ 6 h, 10, 19, 23, 25 < 7 h, 21, 24, [26] [27] [28] [29] ≤ 4 h. 9 Long sleep was defined as > 8 h per night, 10, 19, 24, 30 ≥ 9 h, 6, 7, 20, 22, 23, [25] [26] [27] [28] ≥ 10 h, 9, 21 and ≥ 12 h. 29 
Statistical Analysis
The quality of the studies included in the meta-analysis was evaluated by the Downs & Black Quality Index score system, 31 a validated checklist for assessing the quality of both randomized clinical trials and non-randomized studies. It consists of several items distributed between 5 subscales: reporting, external validity, bias, confounding, and power. For the assessment of non-randomized, prospective studies, the maximum score is 19. Relative risks (RR) or hazard ratios (HR) were extracted from the selected publications and were used to measure the relationship between sleep duration and death. Their standard errors were calculated from the respective confidence intervals. The value from each study and the corresponding standard error were transformed into their natural logarithms to stabilize the variances and to normalize the distribution. The pooled RR (and 95% CI) was estimated using a random effect model. By comparison with the reference category of sleep duration, we estimated the pooled risk and 95% CI of death for the short and for the long sleep category, separately. The heterogeneity among studies was tested by Q-statistic and quantified by H-statistic and I 2 -statistic. 32 Funnel plot asymmetry was used to detect publication bias, and Egger's regression test was applied to measure funnel plot asymmetry. 33 We recalculated the combined estimate after estimating from the asymmetry of the funnel plot the number of "missing" studies and their effect sizes and standard errors, a method known as "trim and fill." The influence of individual studies, from which the meta-analysis estimates are derived, was examined by omitting one study at a time to see the extent to which inferences depend on a particular study or group of studies (sensitivity analysis). Subgroup analysis was carried out to assess possible sources of heterogeneity and to check for the potential impact of age, gender, socioeconomic status, definition of sleep duration, duration of follow-up, and geographic location on the relationship between duration of sleep and all-cause mortality. All statistical analyses were performed using MIX software version 1.7. 34
Role of the Funding Source
The study is part of the Sleep, Health & Society Programme of The University of Warwick. We did not receive funding for this project. The corresponding author had full access to all the data in the study and had final responsibility for the decision to submit for publication.
RESULTS

Characteristics of Study Cohorts
Based on our selection criteria, 17 studies were deemed suitable ( Figure 1 ). One study was reported in two separate publications, 9, 35 and only one was included in the analysis. Where results were reported for men and women separately, they were entered into the analyses as separate cohorts. Therefore 16 studies reporting on 27 cohorts were included in the meta-analysis. We were unable to include results from the Alameda County Study due to lack of data, although 3 separate publications had been identified. [36] [37] [38] Table 1 summarizes the characteristics of the included studies. Overall, the meta-analysis included 1,382,999 participants from 8 different countries (4 studies from the USA, 4 from Japan, 3 from the UK, and 1 each from Spain, Sweden, Finland, Israel, and Taiwan). Fourteen studies recruited both men and women, while 2 studies recruited only women. Follow-up ranged from 4 to 25 years. All studies assessed death through death certificates. Sleep duration was assessed by questionnaire in all studies. The total number of deaths reported was 112,566. Of the 14 studies that included both men and women, 10 reported outcomes separately for men and women. 7, 9, 19, 21, [24] [25] [26] [27] [28] 30 Overall, there were 25 cohorts available for the relationship between short sleep and mortality and not differ by variations in the definition of short sleep, length of follow-up, or geographic location ( Figure 5a ).
Long sleep
The effect was stronger in older than younger cohorts (heterogeneity: P = 0.01), increased with the definition of long duration of sleep from > 8 h, ≥ 9 h, and ≥ 10 h per night (heterogeneity: P = 0.0004), tended to be weaker in studies with follow-up ≥ 20 years (heterogeneity: P = 0.01), and appeared stronger in studies carried out in East Asian countries (Japan and Taiwan) compared to Europe and the USA (heterogeneity: P = 0.01; Figure 5b ). The effect did not differ by gender or socioeconomic status (Figure 5b ).
DISCUSSION
This study provides a comprehensive and systematic review of the literature and quantitative estimates of the longitudinal associations between habitual short and long duration of sleep and all-cause mortality in population-based studies around the world. It adds to a recent meta-analysis published after our original submission. 39 Our study shows an unambiguous and consistent pattern of increased risk of dying on either end of the distribution of sleep duration. Pooled analyses indicate that short sleepers (commonly < 7 h per night, often < 5 h per night) have a 12% greater risk, and long sleepers (commonly > 8 or 9 h per night) a 30% greater risk of dying than those sleeping 7 to 8 h per night. These results confirm the presence of a U-shaped association, with some heterogeneity among studies, no presence of publication bias, and a high statistical power 27 cohorts available for the relationship between long sleep and mortality.
Short Duration of Sleep and Mortality
Data on the relationship between short sleep and mortality are shown in Figure 2 . In the pooled analysis, short duration of sleep (25 cohorts from 15 studies, n = 1,381,324 with 112,163 deaths) was associated with greater risk of death (RR: 1.12; 95% CI 1.06 to 1.18, P < 0.01), with no evidence of publication bias (P = 0.74; Figure 3a ), and no missing study identified by the trim and fill method, but significant heterogeneity between studies (I 2 = 39%, P = 0.02).
Long Duration of Sleep and Mortality
Data on the relationship between long sleep and mortality are shown in Figure 4 . Long duration of sleep (27 cohorts from 16 studies, n = 1,382,999 with 112,566 deaths) was associated with a greater risk of death (1.30; [1.22 to 1.38]; P < 0.0001) with no evidence of publication bias (P = 0.18; Figure 3b ), but significant heterogeneity between studies (I 2 = 71%, P < 0.0001). The trim and fill method detected one missing study with a revised estimate of 1.29 (1.21 to 1.37).
Sources of Heterogeneity
Short sleep
The effect was consistent in younger (< 60 years) and older (≥ 60 years) cohorts, in men and women, whether or not socioeconomic status was adjusted for (Figure 5a ). The effect did conferred by over 1.3 million participants included with more than 110,000 events. The studies allowed for a large number of potential confounders. Furthermore, for short sleep the effects were comparable between men and women, did not depend on age, socioeconomic status, definition of short duration of sleep (≤ 5, ≤ 6 h, or ≤ 7 h per night), duration of follow-up, or geographic location. In contrast, for long sleep, the estimate of effect was stronger in older cohorts, in studies where long sleep was defined as ≥ 10 h per night, in follow-ups not longer than 19 years, and in East Asian cohorts. These results are of interest for several reasons. First, the direction of the associations is consistent in different populations. Although the meta-analysis detected significant heterogeneity between studies, further sensitivity analysis and the absence of publication bias are in favor of consistent effects across populations. Second, they indicate an effect size of potential relevance. Third, the consistency of assessments of both exposure (duration of sleep by questionnaire) and outcomes (death certificates) across studies limits the degree of variability due to differences in methods.
Study Limitations
First, the quality of the data cannot go beyond the quality of the individual studies included. 31 Second, a meta-analysis of observational data, though prospective, is open to important fallacies in that it cannot directly control for confounding. We made an attempt to allow for multiple confounding by including adjusted estimates from multivariate models from each contributing study. However, residual confounding and bias remain a possibility. Third, the results can only be representative of the studies that have been included and are unable to provide a representative inference of all studies published, but not included. Nevertheless, there was no evidence of publication bias. These results are therefore important in guiding the assessment of current evidence and the definition of future research strategies and public health policy decisions. All studies used sleep questionnaires to determine self-reported sleep duration within their populations. This method often did not allow (unless explicitly built as additional questions) to differentiate time asleep from time in bed or to estimate number and duration of naps. It is not usually feasible to obtain more detailed and objective measures of sleep in large prospective population studies. Sleep diaries, actigraphy, and polysomnography from some large population and small-scale investigations have shown high correlations between subjective estimates of sleep duration and the more direct assessments 20, 40 However, in the few examples in the literature their use confirmed the results obtained previously with self-reported sleep assessment. 41, 42 Furthermore, assessments of sleep duration in the primary health care setting rely on self-reported data from patients.
Sleep duration was assessed at one point in time in all studies, and it is possible that a single measure of exposure may not fully capture the sustained effects of sleep duration over time when relating them to long-term mortality. Changes in sleep duration over time may represent a better measure of exposure in this context. Three studies have addressed this issue by measuring change in sleep duration over time as a proxy for prolonged exposure to short or long sleep duration in relation to mortality. In the West of Scotland study, 24 participants were assessed twice 4 to 7 years apart and followed up for 25 years. Those who reported at both time points < 7 h of sleep showed an increased risk of death from all causes (men 1. 15 6 changes in sleep duration were assessed 5 years apart, and follow-up lasted nearly 12 years. Both a decrease and an increase in sleep duration over time were associated with increased all-cause mortality (1.62 [1.17 to 2.25] and 1.75 [1.24 to 2.47], respectively). However, while the increased risk of death in those who had increased their sleep was mainly attributable to an increase in non-cardiovascular deaths (2.06 [1.38 to 3.08]), those who had curtailed their duration of sleep had an increased risk of death predominantly from cardiovascular causes (2.04 [1.20 to 3.49] ). In a large Finnish study of twins, changes in duration of sleep over 6 years (either to shorter or longer sleep) were associated to increased mortality in both men and women. 26 Finally, it is likely that the study samples included in the analysis did not exclude subjects with obstructive sleep apnea-hypopnea syndrome (OSAS). These would represent approximately 4% of middle-aged men and 2% of middleaged women. 43, 44 OSAS is associated with obesity, disrupted and short sleep, excessive daytime sleepiness and high rates of morbidity and mortality, predominantly due to cardiovascular disease. 45 Whilst it is possible that they may have contributed to the observed increased risk of death amongst short sleepers, the adjustment for obesity or body mass index in almost every study would have corrected for this. 
Implications
Currently, there is no evidence that sleeping habitually between 6 and 8h per day in an adult is associated with harm and long term health consequences. In terms of prevention, consistently sleeping 6 to 8 h per night may therefore be optimal for health. However, sleeping 9 h or more per night may represent a useful diagnostic tool for detecting subclinical or undiagnosed co-morbidity. People reporting consistently sleeping 5 hours or less per night should be regarded as a higher risk group for allcause mortality. A 12% increased risk of death in short sleepers, if causally related, would equate to over 6.3 million attributable deaths in the UK in people over 16 years of age and over 25 million attributable deaths in the US in people over the age of 20 years. Future studies should be designed to answer the question whether sleep duration is a cause or simply a marker of illhealth. Indirect evidence seems to suggest to date that sustained sleep deprivation may trigger biological mechanisms contributing to the deterioration of health status, whereas long duration of sleep may be a powerful additional marker of ill-health.
Duration of sleep should be regarded as an additional behavioral risk factor or risk marker heavily determined by the environment and possibly amenable to modification through both education and counselling as well as through measures of public health. The latter would aim at favorable modifications of physical and working environments to allow sufficient sleep and avoid habitual and sustained sleep deprivation.
Heterogeneity
Our results are consistent with other epidemiological evidence indicating increased risk of cardiovascular morbidity and mortality, 8, 9, 46 coronary artery calcifications, 47 cardiovascular risk predictors like hypertension, 12, 13, 48 obesity, 15,16,49-51 type 2 diabetes or impaired glucose control, 11 and atherogenic lipid profile 52 with shorter duration of sleep.
Gender-differences in outcomes and risk related to duration of sleep have also been reported. 8, 13, [53] [54] [55] Our analysis was repeated after stratification by gender. No differences were detected in the association with either short or long duration of sleep and all-cause mortality. Ideally long follow up durations would be appropriate to assess the influence of sleep duration on health over the life course. 22 We excluded a priori short follow-up studies (< 3 years) to avoid measurements of sleep duration being too close to the time of death and included studies with follow-up ranging from 4 to 25 years. Furthermore, a stratified analysis by duration of follow-up was carried out, that did not suggest any trend. There was some indication that the mean effects for both short and long duration of sleep were stronger in studies carried out in East Asia, predominantly Japan. The explanations may be different. For short sleep, some cross-cultural comparisons have shown that the average duration of sleep is shorter in countries of East Asia, 17 possibly as a result of societal pressures. For long sleep, the stronger association with mortality may, al least in part, be the result of longer life expectancy in countries like Japan compared to Europe and the US. It is likely that the shape of the relationship between sleep duration and mortality is heavily influenced by deaths in elderly participants. This view is supported by a stronger effect of long duration of sleep on all-cause mortality in older cohorts (≥ 60 years). Finally, socioeconomic status does not appear to modify the risk estimates when we compared cohorts that did or did not adjust for this variable.
Potential Mechanisms
The mechanisms that underlie these associations are not fully understood. Causative mechanisms relating short duration of sleep to adverse health outcomes include reciprocal changes in circulating levels of leptin and ghrelin, 56,57 that in turn would increase appetite, caloric intake, reduce energy expenditure, 4 and facilitate the development of obesity 57 and impaired glycemic control 58 with increased cardiovascular risk. Increased cortisol secretion and altered growth hormone metabolism have also been implicated. 59 Finally, low grade inflammation is activated during short sleep, with possible implications not only for cardiovascular disease but also for other chronic conditions including cancer. 5 Conversely, no studies published to date have demonstrated a possible mechanism mediating the effect of long duration of sleep as a cause of morbidity and mortality. The association between long duration of sleep and mortality may be explained by residual confounding and comorbidities. 60 In particular, depressive symptoms, low socioeconomic status, unemployment, low level of physical activity, undiagnosed health conditions, poor general health, and cancer-related fatigue have all been shown to be associated with long duration of sleep and to confound the association with morbidity and mortality. 60 
